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Abstract
In topological Weyl semimetals, the low energy excitations are comprised of linearly dispersing
Weyl fermions, which act as monopoles of Berry curvature in momentum space and result in topo-
logically protected Fermi arcs on the surfaces. We propose that these Fermi arcs in Weyl semimet-
als lead to an anisotropic magnetothermal conductivity, strongly dependent on externally applied
magnetic field and resulting from entropy transport driven by circulating electronic currents. The
circulating currents result in no net charge transport, but they do result in a net entropy transport.
This translates into a magnetothermal conductivity that should be a unique experimental signature
for the existence of the arcs. We analytically calculate the Fermi arc-mediated magnetothermal
conductivity in the low-field semiclassical limit as well as in the high-field ultra-quantum limit,
where only the chiral Landau levels are involved. By numerically including the effects of higher
Landau levels, we show how the two limits are linked at intermediate magnetic fields. This work
provides the first proposed signature of Fermi arc-mediated thermal transport and sets the stage
for utilizing and manipulating the topological Fermi arcs in experimental thermal applications.
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INTRODUCTION
The discovery of topological band insulators has led to a new paradigm in condensed
matter physics[1, 2]. The recent theoretical prediction[3–6] and subsequesnt experimental
discovery[7–9] of topological Weyl semimetals has expanded the list of topologically non-
trivial quadratic Hamiltonians. These Weyl semimetals possess nodal Fermions composed
of non-degenerate linear band crossings. In order to satisfy the condition of nondegeneracy,
Weyl semimetals must break either inversion-symmetry or time-reversal symmetry. These
so-called Weyl nodes come in pairs of opposite chirality[10] and, unlike the Dirac fermions in
graphene[11], they are robust against the formation of a gap due to their three-dimensional
nature.
The low energy linear dispersing modes of a Weyl semimetal carry monopole charges
of Berry curvature. There have been extensive predictions of novel electronic transport
resulting from these Weyl nodes[12–15] as well as promising experimental signatures of some
of these transport properties, such as negative longitudinal magnetoresistance [16–18]. This
negative magnetoresistance in the presence of closely parallel electric and magnetic fields is
a result of the local non-conservation of charge in the Brillouin zone as a consequence of the
chiral anomaly in Weyl semimetals.
In addition to the plethora of novel transport phenomena exhibited by Weyl semimetals,
these monopole charges of Berry curvature are responsible for topological Fermi arcs in
Weyl semimetals, perhaps their most fascinating feature. Fermi arcs form open contours of
surface states which terminate on the projections of Weyl nodes, or in the case of doped Weyl
semimetals, terminate on the projections of Fermi pockets enclosing Weyl nodes. Like the
bulk Weyl nodes, the states comprising the Fermi arcs also disperse linearly. These gapless
boundary modes provide the key signature for Weyl semimetals in spectroscopy experiments.
Fermi arcs in Weyl semimetals are known to lead to exotic quantum oscillations involving
mixed real and momentum space orbits[19–21] as well as resonant transparency[22]. How-
ever, the effects of Fermi arcs on thermal transport so far remains a completely unexplored
frontier. Preliminary theoretical studies of thermal transport in Weyl semimetals have so
far only considered contributions from the bulk Weyl fermions[23–25].
In this Letter, we explore the role of Fermi arcs in entropy transport for the first time.
We demonstrate that Fermi arcs in topological semimetals lead to a thermal conductivity
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FIG. 1. Energy dispersion of a pair of Weyl nodes given by Eqn. (1). The Weyl nodes are
separated by a distance of 2Λ in the Brillouin zone. Areas of the band structure colored in darker
blue have a larger magnitude of Berry curvature.
which depends strongly on an externally applied magnetic field. This external magnetic
field is shown to enhance the heat current in topological semimetals by creating ”conveyor
belt” motion of charge leading to a coherent transmission of heat. We propose that this
Fermi arc-mediated entropic transport will lead to a dramatically anisotropic magnetother-
mal conductivity. In the low-field semiclassical limit, it is shown that a Lorentz force on the
electrons comprising the Fermi arcs necessarily leads to a bulk flow of electrons, carrying
a net energy current in the presence of a temperature gradient. When the field strength
reaches the ultraquantum limit, we find that the electrons from the arcs can only hybridize
with the chiral Landau levels in the bulk, which allow for a dissipationless flow of energy. In
the intermediate quantum regime, where several quantized Landau levels become involved
in Fermi arc-mediated magnetothermal transport, we calculate the specific heat and en-
tropy density and the magnetothermal conductivity for various temperatures and magnetic
fields. We conclude by discussing the experimental implications of our work. This work
sets the stage for utilizing and manipulating the topological Fermi arcs in experimental
magnetothermal applications.
FERMI ARC-MEDIATED MAGNETOTHERMAL TRANSPORT
We consider a linearized model of Weyl fermions in the continuum limit. For a given
Weyl node of chirality χ = ±1, the Hamiltonian that describes states near the node is given
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by
Hˆχ = χ~vF
(
kxσˆx + kyσˆy + kzσˆz
)
, (1)
where the Fermi velocity of the Weyl electrons is given by vF and where the Pauli matrices
σˆj span a spin or orbital degree of freedom. These Weyl nodes come in pairs of opposite
chirality and we consider Np of such pairs of nodes. We will take each pair of Weyl nodes to
be separated in the Brillouin zone by a characteristic distance set by some momentum cutoff
Λ. We take all pairs of Weyl nodes to lie at the same energy E = 0, but our calculations
generalize to cases where sets of Weyl nodes lie at different energies.
Semiclassical limit
We consider a Weyl semimetal in a slab geometry such that the Fermi arcs reside in the
surface Brillouin zone labeled by kx and ky in the presence of a perpendicular magnetic field
B = Bez. Then, assuming the Fermi arc states all have a uniform magnitude of velocity vF ,
a semiclassical wavepacket of electrons on a Fermi arc will follow the trajectory
dk
dt
=
e
~c
(vk ×B) = e~cvFBet, (2)
where et is the unit tangent vector to the Fermi arc. This configuration has been predicted[19]
to give rise to unusual Fermi arc-mediated quantum oscillations in Weyl semimetals, but
similar effects remain unexplored in thermal transport.
We consider the collective motion of the electrons comprising the Fermi arcs and note
that the change in the number N of electrons on a given surface with one Fermi arc is
dN
dt
= A
dn
dE
dE
dk
dk
dt
, (3)
where A is the area of the surface on which the Fermi arcs reside, dn
dE is the density of states
of the Fermi arcs gA(E), the magnitude of the Fermi velocity is of course dEdk = ~vF and, from
Eqn. (2), we know that dk
dt
= e~cvFB. The density of states on the Fermi arcs is given by
gA(E) = k0~vF , (4)
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(a) (b)
FIG. 2. (a) Mixed real-space and momentum-space depiction of a Weyl semimetal in a slab
geometry with thickness L in the z-direction. Bulk Weyl nodes are separated in the x-direction,
shown in purple and labeled with their chirality χ = ±1. The purple ovals show that projections of
the bulk Fermi pockets on the surface Brillouin zone for arbitrary chemical potential. The Fermi
arc on the top surface is shown in blue and the Fermi arc on the bottom surface is shown in red.
Unit tangent vectors et and Fermi velocities vk are also shown for the arcs. (b) Schematic of
the ”conveyor belt” motion of charge leading to a net heat flux. When B and is aligned in the
z-direction in (a), charge current density circulates Je in the clockwise direction shown in a mixed
real and momentum space orbit. When ∇T is also aligned in the z-direction, this counter-clockwise
circulation of charge leads to a net flow of heat current density Jq in the direction shown.
where k0 is the length of the Fermi arc. Here, we have made the reasonable assumption
that the magnitude of vF is constant along the arcs. Hence we have that the total rate of
electrons moving along each arc is given by
dN
dt
= A
e
~c
k0vFB. (5)
In Fig. 2a, we show a mixed real-space and momentum-space cartoon of a Weyl semimetal
in a slab geometry. We see that the bulk Weyl nodes are separated in the x-direction, shown
in purple and labeled with their chirality χ = ±1. The magnetic field induced flow of
electrons along the arcs described by Eqn. (5) will lead to a transfer of electrons from right
to left along the blue Fermi arc on the top surface in Fig. 2 and similarly from left to
right along the red Fermi arc along the bottom surface. In the absence of electric fields or
temperature gradients, the only way the system can maintain this steady-state circulation
of electrons is from bulk transport through the Fermi pockets upon which the Fermi arcs
terminate. The projections of these Fermi pockets in the surface Brillouin zone are shown in
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purple in Fig. 2a. Thus, by the continuity equation, through each bulk pocket surrounding
a node with chirality χ, we must have a real-space current density JχB given by
JχB = χ
e
A
dN
dt
ez, (6)
where dN
dt
is given by Eqn. (5). These circulating currents are the low-field analog of those
explored by the authors of Ref.[19].
Since the Weyl nodes come in pairs of opposite chirality, that these steady state circu-
lating currents do not cause any net current flow along the z-direction in the absence of
external potentials. However, in the presence of an applied temperature gradient, entropy
contributions from these circulating currents cause additive contributions to the heat cur-
rent. To see this, we consider an applied temperature gradient ∇T = dT
dz
ez for the slab
depicted in Fig. 2, which we take to have a thickness L in the z-direction. Now, electrons
on the top surface z = L
2
have a thermal energy density u
(
L
2
)
and those on the bottom at
z = −L
2
have thermal energy density u
(−L
2
)
. For a single pair of nodes, in the presence of
a magnetic field B = Bez, we have shown above that a bulk number current of electrons
given by Eqn. (5) circulates through the bulk, driven by the Lorentz force on the top and
bottom Fermi arcs.
The flow of electrons from the Fermi arcs is topological in nature and so we only assume
that scattering occurs at the surfaces of the sample. The heat current density for Np pairs
of Weyl nodes at some point z in the bulk is given by
JQz = NpL
dN
dt
(
u
(
z +
L
2
)
− u
(
z − L
2
))
. (7)
We expand the thermal energies u(z ± L
2
) to obtain
JQz =
NpL
2
2
dN
dt
du
dT
dT
dz
, (8)
where du
dT
is the specific heat of the bulk Weyl pockets that these thermally excited electrons
from the surfaces must traverse. We can calculate the energy density to find
u = Np
∫
dE E g(E)
1 + eβ(E−µ(T ))
=
Np
pi2(~vF )3
∫
dE E
3
1 + eβ(E−µ(T ))
. (9)
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We first consider the case of T & TW where µ(T )→ 0. In this case, we have that
u ≈ Np(kBT )
4
pi2(~vF )3
∫
dx
x3
1 + ex
, (10)
where
∫
dx
x
1 + ex
≡ c0 is a constant of order 1. Therefore we obtain that
du
dT
= c0
Npk
4
BT
3
pi2(~vF )3
, (11)
and so for T & TW , we obtain that
JQz =
2c0Np
pi2
ek4B
~4c
L2Ak0T
3B
v2F
dT
dz
. (12)
From Eqn. (12), we obtain the contribution of the Fermi arcs to the thermal conductivity
and find it to be
κSCzzz =
2c0Np
pi2
ek4B
~4c
L2Ak0
v2F
T 3B, (13)
for temperatures T & TW .
In Fig. (3), we show the thermal conductivity in the semiclassical limit as a function of
temperature. We see the cubic dependence at low temperature saturates as the tempera-
ture is raised. This saturation occurs since the bulk degrees of freedom taking part in the
transport of heat increases with temperature. Eventually, all available bulk states become
involved and the magnetothermal conductivity saturates. We constrast our results here with
classical Drude theory for a metal where κ ∼ T and is independent of magnetic field.
Ultra-quantum limit
Next we analyze the limit of large magnetic fields where the energies of the Weyl nodes
split into discrete Landau levels. Due to the linear dispersion of the Weyl nodes, the Landau
levels are not evenly spaced and because of their three dimensional nature, they disperse in
the direction of the field in the following way
En(kz) = ±~vF
√
2|n|l−2B + k2z , (14)
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FIG. 3. Fermi arc-mediated magnetothermal conductivity in the semiclassical limit as a function
of temperature. We see that at low temperatures κSCzzz ∼ T 3. At higher temperatures, saturation
of κSCzzz occurs as more and more bulk degrees of freedom take part in the transport of heat.
At high enough temperatures, all available bulk states become involved and the magnetothermal
conductivity saturates.
FIG. 4. Schematic of the Landau levels. Chiral n = 0 Landau levels are shown in red. The sign of
the slope of the n = 0 Landau levels is positive (dashed line) for χ = 1 nodes and negative (solid
line) for χ = −1. Non-chiral Landau levels (n 6= 0) are shown in black.
for any integer n 6= 0 and
E0(kz) = χ~vFkz, (15)
for n = 0. Here we have aligned the magnetic field again along the z-direction such that
B = Bez. The magnetic length is given by lB =
√
~c
eB
and vF again denotes the magnitude
of the Fermi velocity. We show a schematic of this dispersion in Fig. (4) where the chiral
Landau levels are shown in red. The slope of the n = 0 Landau level depends on the chirality
of the Weyl node.
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As in the semiclassical case above, on a given Fermi arc, an electron will follow the
semiclassical motion of Eqn. (2). From Ref. [19], we know that, in the high field limit with
Landau levels in the bulk, electrons will engage in mixed momentum and real space orbits
which traverse the bulk, parallel to the direction of the magnetic field. As an electron moves
along the arc, we know that it will terminate on the projection of a Weyl node which, in the
presence of a large magnetic field, will be comprised of the Landau levels in Eqns. (14-15).
For kBT  ~vFlB , the only state available is the zeroth Landau level given by Eqn. (15).
Because of the chiral nature of these states, electrons from the arc will traverse the bulk
without dissipation and emerge on the other surface. After it reaches the other side, it will
move along another Fermi arc until it reaches the opposite chirality bulk Weyl node. It will
then traverse the bulk in the opposite direction and complete the loop.
We again consider a thermal gradient in the same direction as the magnetic field such
that ∇T = ∂T
∂z
ez. The conveyor belt motion of the electrons will again enhance the magne-
tothermal conductivity. In this case however, unlike the semiclassical limit explored above,
the n = 0 Landau levels will provide single quantum channels for heat transport. Taking
the thickness of the slab to again be L, we find that the heat current along the z-direction
is given by
Jqz = NpL
dN
dt
(
u0
(
z +
L
2
)
− u0
(
z − L
2
))
=
1
2
NpL
2dN
dt
du0
dT
dT
dz
, (16)
where u0 is the energy density of the n = 0 Landau levels and
du0
dT
is the specific heat of
a pair opposite chirality n = 0 Landau levels. Again, we have assumed that continuity of
charge leads to a particle current dN
dt
defined by Eqn. (5) through the bulk. However, energy
current is only carried by the chiral n = 0 Landau level.
We can calculate the internal energy
u0 =
∫
dEg0(E)f(E)E , (17)
where the density of states of the zero energy Landau levels is given by
g0(E) = CB
∫ Λ
−Λ
dkz
2pi
(
δ(E − |E0|) + δ(E + |E0|)
)
, (18)
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with E0 give by Eqn. (15). Here C = NpΦ0 is a normalization factor where Np is the number
of pairs of Weyl nodes and Φ0 =
hc
e
is the quantum of magnetic flux. Λ is a momentum
regularization which is set by the separation of the Weyl nodes in momentum-space. Then
we have that
u0 = CB~vF
∫ Λ
−Λ
dkz
2pi
(
kz
1 + eβ(~vFΛ−µ)
− kz
1 + eβ(−~vFΛ−µ)
)
, (19)
which can be evaluated to obtain
du0
dT
=
NpB
piΦ0
(
4
~vFΛ2
T
1
1 + e
− ~vFΛ
kBT
− 8kBΛln
(
1 + e
~vFΛ
kBT
)
+
2k2BT
~vF
(
pi2
3
+ 4Li2
(
− e
~vFΛ
kBT
)))
,
(20)
where Lis(z) is the polylogarithm function of order s, defined as
Lis(z) =
∞∑
k=1
zk
ks
, (21)
for complex z such that |z| < 1.
In the low temperature limit
kBT
~vFΛ
 1, we find that the heat capacity goes like
du0
dT
≈ 2pi
3
Npk
2
B
~vFΦ0
TB (22)
and so we find that at low temperatures, the thermal conductivity in the ultra-quantum
limit goes like
κUQzzz ≈
pi
3
N2pL
2Ak0k
2
B
~Φ20
B2T. (23)
Unlike the semiclassical case, we see that the thermal conductivity is quadratic in field, and
now has a linear temperature dependence. This linear dependence on temperature holds
for temperatures kBT  ~vFlB . Close to that temperature, the higher Landau levels become
thermally populated, allowing for them to engage in Fermi arc-mediated magnetothermal
transport as well.
The result in Eqn. (23) holds up to fields high enough that the inverse magnetic length
approaches the scale of the momentum cutoff l−1B ∼ Λ. For magnetic fields above Bc = ~cΛ
2
e
,
the coupling between the nodes cannot be neglected and a magnetic breakdown of the mixed
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real and momentum space orbits occurs. In experimental realizations of Weyl semimetals,
a typical value for the node separation is approximately Λ ≈ 0.1A˚−1. This allows us to
estimate a typical value of Bc ≈ 103 T, well outside of the range of any laboratory fields.
Heat capacity and entropy transport of higher Landau levels
In order to investigate the crossover from the low-field semiclassical limit to the ultra-
quantum limit only involving chiral Landau levels, we include quantum effects of nonchiral
Landau levels. In this intermediate field regime, the density of states used to calculate spe-
cific heat calculated in Eqn. (17) must include the higher Landau levels. This means that
Eqn. (18) for a pair of Weyl nodes in a magnetic field becomes
gLL(E) = CB
∫ Λ
−Λ
dkz
2pi
(
δ(E − |E0|) + δ(E + |E0|) + 2
∑
n
(
δ(E − |En|) + δ(E + |En|)
))
, (24)
where En is given by Eqn. (14). Then the additional internal energy can be calculated by
u˜ = 2CB
∑
n
∫ Λ
−Λ
dkz
2pi
(
~vF
√
|n|l−2B + k2z
1 + eβ(~vF
√
|n|l−2B +k2z−µ)
−
~vF
√
|n|l−2B + k2z
1 + eβ(−~vF
√
|n|l−2B +k2z−µ)
)
, (25)
where the total energy is now given by the sum of Eqns. (19) and (25) to obtain utot = u+ u˜.
Unlike Eqn. (19), the expression above for u˜ cannot be evaluated analytically. Instead, we
evaluate Eqn. (25) numerically by introducing a regularization Nmax which cuts off the sum
over Landau levels. In the calculations below, we take the system to be at charge neutrality
where µ = 0.
We can then calculate the heat capacity by numerically evaluating derivatives with re-
spect to temperature. In Fig. 5a, the total specific heat of all Landau levels cv =
dutot
dT
is
calculated as function of temperature for several fixed magnetic fields. For low temperatures,
cv increases linearly with temperature. Around
kBT
~vFΛ
∼ 0.01, the temperature dependence
becomes cubic, before again becoming linear at high temperature. In Fig. 5b, cv is simi-
larly calculated as a function of field for various fixed temperatures. At both high and low
temperatures, the field dependence of cv is linear but with different slopes. This is precisely
what we would expect from the high field ultraquantum limit in Eqn. (22), which is linear
in field.
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(a) (b)
FIG. 5. (a) Specific heat cv for a pair of Weyl nodes in the intermediate quantum limit versus
temperature. Calculations are performed at various fixed magnetic fields B = 0.001~cΛ
2
e (blue),
B = 0.002~cΛ
2
e (green), and B = 0.003
~cΛ2
e (red). We have set the cutoff Nmax = 50. (b) Specific
heat cv for a pair of Weyl nodes in the intermediate quantum limit as a function magnetic field.
We have set the cutoff Nmax = 50. Here we have fixed the temperature such that
kBT
~vFΛ = 0.02
(blue), kBT~vFΛ = 0.04 (green), and
kBT
~vFΛ = 0.06 (red).
After the heat capacity has been obtained, we can then calculate the arc-mediated magne-
tothermal conductivity. Unlike in the case of the ultraquantum limit above, higher Landau
levels do not provide the one-way channels of heat transport that the chiral n = 0 states
do. We now find the total heat current to be the sum of the heat current from the n = 0
Landau level as well as all higher Landau levels. The total heat current for all Landau levels
is given by
Jqz =
1
2
NpL
2dN
dt
dutot
dT
dT
dz
, (26)
where cv =
dutot
dT
is the specific heat of all Landau levels as defined above. Then the magne-
tothermal conductivity is given by
κzzz =
1
2
NpL
2dN
dt
dutot
dT
, (27)
which we evaluate numerically as above and show in Fig. 6. In the temperature depen-
dence of κzzz shown in Fig. 6a, we see that the magnetothermal conductivity has a linear
dependence on temperature for low and high temperatures. In Fig. 6b, we see that the
field dependence is linear for the temperature ranges shown here, where multiple Landau
levels are involved in thermal transport. This matches the calculations which we obtained
semiclassically above.
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(a) (b)
FIG. 6. (a) Magnetothermal conductivity κzzz for a single pair of Weyl nodes in the intermediate
quantum limit versus temperature. Calculations are performed at various fixed magnetic fields B =
0.001~cΛ
2
e (blue), B = 0.002
~cΛ2
e (green), and B = 0.003
~cΛ2
e (red). We have set the cutoff Nmax =
50. (b) Magnetothermal conductivity κzzz for a single pair of Weyl nodes in the intermediate
quantum limit as a function magnetic field. We have set the cutoff Nmax = 50. Here we have fixed
the temperature such that kBT~vFΛ = 0.02 (blue),
kBT
~vFΛ = 0.04 (green), and
kBT
~vFΛ = 0.06 (red).
DISCUSSION AND SUMMARY
We have seen in the presence of a magnetic field and temperature gradient, each applied
perpendicular to the surface Brillouin zone of a Weyl semimetal, the Lorentz force on the
Fermi arcs will lead to a conveyor belt motion of charge and a net flow of heat. This heat
flow leads to a highly anisotropic magnetothermal conductivity which has distinct behavior
in the semiclassical and quantum regimes. For relatively high temperatures and small fields,
the fermi-arc mediated magnetothermal conductivity κzzz is found to be linear in magnetic
field and cubic in temperature. On the other hand, in the ultra-quantum limit where the
magnetic field is strong and temperatures are low such that only the chiral n = 0 Landau
level is involved, we find that the Fermi arc-mediated magnetothermal conductivity is instead
linear in temperature and quadratic in field. The difference in temperature dependences can
be understood by noting that in the semiclassical regime, there are many more degrees of
freedom in the bulk available to thermal transport. Once the system is the ultraquantum
limit, the sole degrees of freedom available are the chiral n = 0 Landau levels, and κzzz is
much less sensitive to changes in temperature. In the semiclassical limit, the linear magnetic
field dependence comes only from the Lorentz force on the arcs. In fields sufficiently strong
enough, the quantization of the Landau levels results in a density of states which also depends
on the magnetic field. In the ultra-quantum limit, the lone chiral n = 0 Landau levels result
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in a specific heat which is quadratic in field. As more Landau levels become populated at
higher temperatures, κzzz again becomes linear and tends toward the semiclassical limit.
In this Letter, we have focused on the so-called type I Weyl semimetals, but recently a
second class, known as type II Weyl semimetals, have been theoretically predicted [26–29]
and observed in several candidate materials[30–34]. Type II Weyl semimetals have non-
vanishing density of states at the Weyl points and can be understood as the limiting case of
an indirect gap semiconductor where the gap closes at the Weyl nodes. The tilted nodes in
type II Weyl semimetals lead to several distinct characteristics, perhaps most notably the
lack of chiral Landau levels when the magnetic field is applied outside of the tilt cone[26, 35].
Due to the extended nature of the Fermi pockets that meet at the Weyl nodes, lattice
models[36] are needed to accurately describe their properties rather than the continuum
models used for the type I case above. We leave an investigation of Fermi arc mediated
magnetothermal conductivity in type II Weyl semimetals for future work.
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